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QCD & Interaction Between
Light-Quarks

® Kernel of Gap Equation: D,,,,(p —q) ', (q)
Dressed-gluon propagator and dressed-quark-gluon vertex

® Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).
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Dressed-gluon propagator and dressed-quark-gluon vertex

® Reliable DSE studies of Dressed-gluon propagator:

# R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions ... , Phys. Rept. 353, 281 (2001).

® Dressed-gluon propagator — lattice-QCD simulations confirm that

behaviour:
orree o o D.B. Leinweber, J.1. Skullerud, A. G. Williams and C.
ey Parrinello [UKQCD Collaboration], Asymptotic scaling and

infrared behavior of the gluon propagator, Phys. Rev. D 60,
094507 (1999) [Erratum-ibid. D 61, 079901 (2000)].

® Exploratory DSE and lattice-QCD studies
of dressed-quark-gluon vertex
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Dressed-quark Propagator

Z(p®)
iy - p+ M(p?)
» Wave function renormalisation: Z(p?)
s Free particle: Z(p?) =1

® Sp) =

» Mass function: M (p?)
s Free particle: M (p?) = Meurrent

® Behaviour of these functions in QCD is a longstanding prediction
of DSE studies. For example, it could have been anticipated from;
e.g.,
# K.D. Lane, Asymptotic Freedom And Goldstone Realization
Of Chiral Symmetry, Phys. Rev. D 10, 2605 (1974);

# H.D. Politzer, Effective Quark Masses In The Chiral Limit,
Nucl. Phys. B 117, 397 (1976).

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 6/42



IFANLIRVAVAN' A

7

0.3

0.2

0.1

PP ==" Office
~ 4 Science

U5 DEFARTMENT OF ENERGY

SO F %v?y%i'?“”';“%w{Vin%wwy
oo+ 1 1 |\ k! f\& ﬂl‘#i%i&;uﬁﬁu i g&ﬁ Gygb ]
0.0 1.0 2.0 3.0 4.0
p (GeV)

Dressed-Quark Propagator

Quenched-QCD

HARRBD ——

g 8050 98 B 08 o om 0B s o

3.0 4.0

Schladming, Styria, Austria, 11-18 March, 2006 — p. 7/42


http://www.slac.stanford.edu/spires/find/hep/www?key=5175011
http://www.slac.stanford.edu/spires/find/hep/www?key=5517095

Quenched-QCD
Dressed-Quark Propagator

8000 08 8 08 oo on om 2 o s
R

2 Eﬂvwabmw
p (GeV) 4

4.0

| 7 Office
.C —d Scrence

. D4 ERGY

o, @ “datal” Quenched Lattice Meas.
— Bowman, Heller, Leinweber, Williams: he-lat/0209129

oficce

A NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 7/42


http://www.slac.stanford.edu/spires/find/hep/www?key=5175011
http://www.slac.stanford.edu/spires/find/hep/www?key=5517095

Quenched-QCD
Dressed-Quark Propagator

nnnnnn

g 8050 98 B 08 o om 0B s o s

2.0 3.0 4.0

Office
.g 4 Science

U5 DEFARTMENT OF ENERGY

illilams: he-lat/0209129

Schladming, Styria, Austria, 11-18 March, 2006 — p. 7/42


http://www.slac.stanford.edu/spires/find/hep/www?key=5175011
http://www.slac.stanford.edu/spires/find/hep/www?key=5517095

Quenched-QCD
Dressed-Quark Propagator

T T T 1
W-QHM‘"““‘B““&

—————

IFANLIRVAVAN' A

o
w
7
-

0.1 . _
0.0 : OO\ N | [T T T N TR T M B | |' ] ':" ]
0.0 0.0 ) 1.0 2.0 3.0 4.0
p (GeV)
‘C Office
—d Scrence
office ¢ of Nuclear py, % ’

— Bowman, Heller, Leinweber, Williams: he-lat/0209129
current-quark masses: 30 MeV, 50 MeV; 100 MeV

®» Curves: Quenched DSE Cal.
— Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003

. NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 7/42


http://www.slac.stanford.edu/spires/find/hep/www?key=5175011
http://www.slac.stanford.edu/spires/find/hep/www?key=5517095

Quenched-QCD
Dressed-Quark Propagator

I I I I | I I I I | I I I I | I I

: : -oﬂ-ebw""ﬂ’“‘adud _____

- ] = W_Wmhw -

C i o BE
0.4p Z 0.8 wtts _

n ] ’)3,

5 ] -5 ]
030 ] 0.6 i
0.2 _ _
0.1 . _
0.0L : 0.0 \ N | [T T T N TR T M B | |' ] ':" ]

0.0 0.0 ) 1.0 2.0 3.0 4.0
p (GeV)

Office
.g < Scrence

U5 DEFARTMENT OF

offce ¢ of Nuclear py, .

— Bowman, Heller, Leinweber, Williams: he-lat/0209129
current-quark masses: 30 MeV, 50 MeV; 100 MeV

Curves: Quenched DSE Cal.

Bhagwat, Pichowsky, Roberts, Tandy nu-th/0304003
Linear extrapolation of lattice data to chiral limit is inaccurate

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 7/42

. NATIONAL LABDRATORY


http://www.slac.stanford.edu/spires/find/hep/www?key=5175011
http://www.slac.stanford.edu/spires/find/hep/www?key=5517095
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® How is this agreement achieved via the gap equation if the gluon
propagator is IR-suppressed?
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#» Bhagwat, et al., nu-th 0304003, found that such behaviour

was indeed required.
Others (Alkofer, et al., he-ph/0309077) since have too.

® Exact nature of the enhancement is subject of ongoing research.
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# Without bound states, Comparison
with experiment is impossible

# They appear as pole contributions to
n > 3-point colour-singlet Schwinger
functions
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#® Axial-vector Ward-Takahashi identity
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#® Axial-vector Ward-Takahashi identity

o \\
P, Tt (k;P) = S 1(/<+)§A s + Afz%

— M il (k; P) — Tk (k; P) M

Satisfies BSE Satisfies DSE
Kernels must be intimately related

» Relation must be preserved by truncation

o Nontrivial constraint
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Bethe-Salpeter Kernel

» Axial -vector Ward-Takahashi identity

] \
p, T, (ksP) = S 1(/c+)§)\ Y5 + )\fw5

— M iTk(k; P) — ils (k; P) M
w... -Satisfies BSE Satisfies DSE
Kernels must be intimately related

» Relation must be preserved by truncation

» Fallure = Explicit Violation of QCD’s Chiral Symmetry
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Goldstone’s Theorem

In the chiral limit the QCD Action possesses chiral symmetry

The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU (N, = 2) chiral symmetry is dynamically broken, then
there is a massless composite particle associated with each
generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
pions: 7+, 70, 7~
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In the chiral limit the QCD Action possesses chiral symmetry

The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU (N, = 2) chiral symmetry is dynamically broken, then
there is a massless composite particle associated with each
generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
%) Office of pions: w ’ o T
y22d Sclance Eg. V(z,y) = (6% + 72 —1)?
— Hamiltonian: T + V/, is Rotationally Invariant
Ground State
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for which ¢ + 72 =1 .
s All Positions have Same (Minimum) Energy

A NATIOMAL LABDRATORY

e || | -‘ﬂ not invariant under rotations e o p L



Off:ce of

-
@)

Goldstone’s Theorem

In the chiral limit the QCD Action possesses chiral symmetry

The chiral limit is a good approximation in QCD
for u- and d-quarks

If this SU (N, = 2) chiral symmetry is dynamically broken, then
there is a massless composite particle associated with each
generator of chiral transformations; i.e., three Goldstone Bosons

These three Goldstone Bosons have long been identified with the
pions: 7+, 70, 7~
If one assumes the s-quark is also light; namely, assumes that

SU(Ny = 3) chiral symmetry is a good approximation, then the
kaons are four more Goldstone Bosons
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?Eﬁpjf hoave Tust gt ent

Bustralian CiFiZeas .-

» Not AIIowedto do it by fine-tuning

Must exhibit/| 112 o m,

reguires an approach to contain

A NATIOMAL LABDRATORY

Dichotomy
of the Pion

Imost massless particle
fro two heavy constituents?

The correct understanding of pion observables;
5 Semce  €.¢. Mass, decay constant and form factors,

a well-defined and valid chiral limit.
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Dichotomy
of the Pion

# How does one make an almost massless particle
.................... from two heavy constituents?

# Not Allowed to do it by fine-tuning
Must exhibit | 2 o m,

The correct understanding of pion observables;
2 Shenes  €.0. Mass, decay constant and form factors,
ceen.  eUires an approach to contain
a well-defined and valid chiral limit.

# Requires detailed understanding of Connection
between Current-quark and Constltuent -quark
D ~Arconne Masses ! -7

\ -

~
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ks P) = 7™ [iEﬁ(k;P)Jrv-PFﬁ(k;P)
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
I (ks P) = 7™ {iEﬁ(k; P) + - PF(k: P)
- k- P Golk; P) + 0, ki Py H(k; P)

1
iy - p A(p?) + B(p?)

e Dressed-quark Propagator: S(p) =
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
[ (ks P) = 7™ [iEﬁ(/@; P) 4+~ - PF,(k; P)
- k- P Golk; P) + 0, ki Py H(k; P)
1

iy - p A(p®) + B(p?)
e Axial-vector Ward-Takahashi identity

frEx(k;P=0) = B(p°)

e Dressed-quark Propagator: S(p) =
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Goldberger-Treiman for pion

e Pseudoscalar Bethe-Salpeter amplitude
[ (ks P) = 7™ [iEﬁ(/@; P) 4+~ - PF,(k; P)
+y-kk-PGrk; P) + o kP, Hi(k; P)}
1

iy - p A(p®) + B(p?)
e Axial-vector Ward-Takahashi identity

e frEx(k;P=0) = B(p°)

e Dressed-quark Propagator: S(p) =

Fr(k;0) +2 fr Fr(k;0) = A(K?)
Gr(k;0) +2 frGr(k;0) = 24'(K?)
HR<k;O)+2f7TH7r(k;O) = 0

S ARGONNE

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 13/42



Goldberger-Treiman for pion

—

— -

| -~ ( components
I i(k;P) = 7 s [iEgT/(k;P) 4y PF(k; P) necessarly
/ nonzero

+v-kk- Péw(k;P) + o kP, Hw(k;P)} \
/1

1 /)

e Dressed-quark Propagator: S(p) = /"

iv-pA@?) + B®?) 7

e Axial-vector Ward-Takahashi identity )

7 /

frEx(l;P=0) = BGY) 7

PP =S Offic

,_J Scrence
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iy . /
¥ Exactin Fr(k;0) + 2 frFr(k;0) = A(k2)’ /7
_ 7/
Hp(k;0) +2 frHr(k;0) = 0
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Radial Excitations

® Spectrum contains 3 pseudoscalars [I¢(JY)L = 17(07)5]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pifon\_)

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pifon\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

- But 7v(1800) is narrow (I' = 207 £ 13) & decay pattern might
O Setonca g ’ s .
oA Indicate some “flux tube angular momentum” content:

& Soq=1®Lr=1=J=0
&Lr =1= 35, @ 3S; (QQ) decays suppressed?
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Pifon\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

- But 7v(1800) is narrow (I' = 207 £ 13) & decay pattern might
O, Setence g ’ . .
oA Indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement
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Radial Excitations

Spectrum contains 3 pseudoscalars [I¢(JF)L =1-(07)95]

masses below 2 GeV: 7 (140) ; w(1300); and 7(1800)

The Mg\\J

Consituent-Q Model: 1%* three members of
n 1Sy trajectory; i.e., ground state plus radial excitations?

- But 7v(1800) is narrow (I' = 207 £ 13) & decay pattern might
O, Setence g ’ . .
oA Indicate some “flux tube angular momentum” content:

®» Radial excitations & Hybrids & Exotics = Long-range radial wave
functions = sensitive to confinement

® NSAC Long-Range Plan, 2002: ... an understanding of
confinement “remains one of the
greatest intellectual challenges in physics”
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Andreas Krassnigg

Future President
...almost Blood
Relative of Arnold
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Radial Excitations
& Chiral Symmetry
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

e Mass? of pseudoscalar hadron
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

e Sum of constituents’ current-quark masses
eeg., T =1 (04D
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

A
[ pp = Zz/ %tr{(TH)t%w S(g+) ' (q; P)S(q-) }

e Pseudovector projection of BS wave functio& atxr =20
e Pseudoscalar meson’s leptonic decay constant

1S

T-f kR T |(T2)V"Ys

W
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Radial Excitations
& Chiral Symmetry

ip! =24 /qA %tr{(TH)t% S(q+) ' u(q; P)S(q-) }

e Pseudoscalar projection of BS wave function at x =0

(Maris, Roberts, Tandy
nu-th/9707003
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

s fu— fg&ps — o Independent of m,
H

_ /=-\0
— <qq>¢ mq | ... GMOR relation, a corollary

Hence

2
PP=5" Office of mH ( f%) 2
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Radial Excitations

(Maris, Roberts, Tandy & Chiral Symmetry
nu-th/9707003

#® Light-quarks;i.e., mg ~ 0

s fu— fg&ps — o Independent of m,
H

~r\0
—\4q9 .
Hence \'m?%; = (99)¢ mq | ... GMOR relation, a corollary

: ; q
6>, et (f&)?

U5 DEFARTMENT OF ENERGY
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® Heavy-quark + light-quark
1
and p? X /M ET

Hence, mpy o< mq

... QCD Proof of Potential Model result
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons

| 7 Office of
- J Sc:ence

Schladming, Styria, Austria, 11-18 March, 2006 — p. 16/42


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+3584445
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+5899605

Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

[ mig=— p Mpy

® Valid for ALL Pseudoscalar mesons

® /), = finite, nonzero value in chiral limit, My — 0
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,
m?2 > mZ2 _ =0, in chiral limit
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

fi mip=— p' Mgy

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,
m?2 > mZ2 _ =0, in chiral limit

PP ==" Office of Tn#0
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. 8 = [ =0
ALL pseudoscalar mesons except 7w (140) in chiral limit
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Valid for ALL Pseudoscalar mesons
® /;; = finite, nonzero value in chiral limit, Mgz — 0

® ‘“radial” excitation of m-meson,

2 . . . -
m >m = 0, In chiral limit
PP=5" Office of TTn#£0 Tn=0
,_J Scrence

ALL pseudoscalar mesons except 7w (140) in chiral limit

Dynamical Chiral Symmetry Breaking
— Goldstone’s Theorem —
Impacts upon every pseudoscalar meson
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind
to the weak interaction except 7 (140).

o 02 04 06
mq[GeV]
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Radial Excitations

Holl, Krassnigg, Roberts & Chiral Symmetry
nu-th/0406030

® Fundamental properties of QCD

» If chiral symmetry is dynamically broken,
then in the chiral limit every pseudoscalar meson is blind
to the weak interaction except 7 (140).

» |If chiral symmetry is not broken,
then NO pseudoscalar meson experiences the weak

interaction.

5)- Office of
7

~ 4 Science
ME

U5 DEFARTMENT OF ENERGY
f

o 02 04 06
mq[GeV]
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Colour-singlet
Bethe-Salpeter equation

Detmold et al., nu-th/0202082
Bhagwat, et al., nu-th/0403012
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Colour-singlet
Bethe-Salpeter equation

Detmold et al., nu-th/0202082
Bhagwat, et al., nu-th/0403012

o Coupling-modified dressed-ladder vertex

Li(k.p) = + + T
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Colour-singlet
Bethe-Salpeter equation

Detmold et al., nu-th/0202082
Bhagwat, et al., nu-th/0403012

o Coupling-modified dressed-ladder vertex

(k. p) >m+ E>wm+é§§>@m+
C C*

e BSE consistent with vertex
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Colour-singlet
Bethe-Salpeter equation

Detmold et al., nu-th/0202082
Bhagwat, et al., nu-th/0403012

o Coupling-modified dressed-ladder vertex

(k. p) >m+ E>wm+é§§>«m+
C C*

e BSE consistent with vertex
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Colour-singlet
Bethe-Salpeter equation

Detmold et al., nu-th/0202082
Bhagwat, et al., nu-th/0403012

o Coupling-modified dressed-ladder vertex

(k. p) >m+ E>wm+é§§>«m+
C C*

e BSE consistent with vertex

@ Office of

Science
E

=" o Bethe-Salpeter kernel ... |

. PART
O«‘Ce of Nuclear py,

8C

-
o Kernel necessarily non-planar,

even with planar vertex
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7t and p mesons

I’I;LIZO MJ?}JZl M?IZQ Mf?}lzoo

wm = 0 0 0 0
m = 0.011 0.147 0.135 0.139 // 0.138
m =0 0.920 0.648 0.782 | 0.754
m = 0.011 0.936 0.667 0.798 /’ 0.770

. . o . . /
e 7w massless in chiral limit ... NO Fine Tuning-~
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e 7r massless in chiral limit . ..

ear py,
Sic,

ot

NO Fine Tuning

7755, 2lce @ ALL 7r-p mass splitting present in chiral limit

7t and p mesons

MIZJT:O M}}Izl M?IZQ M}}Izoo

m,om =0 0 0 0 0~
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754<

p,m = 0.011 0.936 0.667 0.798 0.770
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7t and p mesons

M7=0 M7=l M7=2 M=o
7w, m =0 ~0 0 0 0
m, m = 0.011 /0.147 0.135 0.139 0.138
p,m =0 ~0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

Z@ J::.";:: ALL m-p mass splitting present in chiral limit

T OF ENERGY

ot oLl

... and with the Simplest kernel
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e 7r massless in chiral limit . ..

T OF ENERGY

o

NO Fine Tuning

z@ g;ggcﬂ: 7-p mass splitting driven by DySB mechanism

7t and p mesons
Mﬁzo M}}:l MEZQ M%:oo

m,m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

... Nol constituent-quark-model-like hyperfine splitting
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7t and p mesons
M7=0 M=l M=2 M7=o0

m,m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
p, m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798 0.770

e 7w massless in chiral limit ... NO Fine Tuning

Z@ ;;;;-;cg 7-p mass splitting driven by DySB mechanism

T OF ENERGY

... Nol constituent-quark-model-like hyperfine splitting
e Extending kernel

o
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7t and p mesons

M’I’LZO n=1 n=2 N=00
r,m =0 0 0 0 0
7, m = 0.011 0147 0135 0139  0.138
p,m =0 0.920 0648 0782  0.754
p, m = 0.011 0.936 0667 0798  0.770

e 7w massless in chiral limit ... NO Fine Tuning

T OF ENERGY

Z@ ;;;;-;cg 7r-p mass splitting driven by DySB mechanism
semeen. 0T constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m,

o
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7t and p mesons

M0 Mp=! M= M=
T, m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936-  0.667 0.798 —0.770

e 7w massless in chiral limit ... NO Fine Tuning

Z@ ::::-;:2 m-p mass splitting driven by DySB mechanism
seeen.,  NOT constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m,

' For m,, — zeroth order, accurate to 20%

oficce
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7t and p mesons

M7=0 M=l M7=2 M=o
m,m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667-_ 0.798 __-0.770

e 7w massless in chiral limit ... NO Fine Tuning

77,2 ® 7v-p Mass splitting driven by DxSB mechanism
o Not constituent-quark-model-like hyperfine splitting
TEEEe Extending kernel: NO effect on m
' For m,, — zeroth order, accurate to 20%
— one loop, accurate to 13%
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7t and p mesons

M0 Mp=! M= M=
T, m =0 0 0 0 0
7, m = 0.011 0.147 0.135 0.139 0.138
p,m =0 0.920 0.648 0.782 0.754
p, m = 0.011 0.936 0.667 0.798=—0.770

e 7w massless in chiral limit ... NO Fine Tuning

Z@ ::::-;:2 m-p mass splitting driven by DySB mechanism
seeen.,  NOT constituent-quark-model-like hyperfine splitting
e Extending kernel: NO effect on m,

' For m,, — zeroth order, accurate to 20%

— one loop, accurate to 13%

— two loop, accurate to 4%
- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 19/42
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ADb-Initio Calculations

Pieter Maris
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present
Perfected a Renormalisation-Group Improved

Rainbow-Ladder Model of Quark-Quark Interaction

Rainbow-Ladder = First Order
In Truncation Described Above

PP ==" Office of

D science o ANticipate Accurate for 0~ & 1~ Mesons

office of Nuclear py, i
€
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction

One Parameter = Interaction Energy:
E ~ 700 MeV
Dressed-Glue Mass scale:

Characterises DCSB and light-quark Confinement

PP ==" Office of

,_J Scrence
.5, MENT OF EN

Both Phenomena Disappear for £ < 200 MeV
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ADb-Initio Calculations

Maris & Tandy, Series of Five Articles: 1999 — Present

Perfected a Renormalisation-Group Improved
Rainbow-Ladder Model of Quark-Quark Interaction

One Parameter = Interaction Energy:
E ~ 700 MeV
Dressed-Glue Mass scale:

Characterises DCSB and light-quark Confinement

Offi f
Z‘j Sc:gﬁcoe

Nuclea,
of hSI'C

o<

Both Phenomena Disappear for £ < 200 MeV

e Dyson-Schwinger equations:
. A Tool for Hadron Physics
H Arconne P. Maris and C.D. Roberts, nu-th/0301049

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 20/42
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aeff (q 2)

Interaction

Nonperturbative|\IR Enhancement

£=720 MeV

Perturbative evolution
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Kernel of
Bethe-Salpeter
Equation

~ 4 Science
ERGY

U5 DEPARTMENT OF EN

Office of

Prescribes Gap
Equation’s Kernel

aeff (q 2)

Interaction

- Nonperturbative\IR Enhancement

£=720 MeV

Perturbative evolution

q” (GeV?)
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Interaction

Kernel of
Bethe-Salpeter
Eq Uathn 3:_ Nonperturbative|\IR Enhancement _:

K(p, kj P) ~ £=720 MeV

| 7 Office of
~ 4 Science

U.5. DEPARTMENT OF B

Perturbative evolution

0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

Prescribes Gap .
. 0 1 2 , , 3 4 5
Equation’s Kernel * (Gev)

Connects Ansatz for long-range part of QCD’s interaction
with Observables.
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Interaction

Kernel of
Bethe-Salpeter
Eq Uatl()n 3:_ Nonperturbative|\IR Enhancement _:

K(p, k7 P) ~ £=720 MeV

PP ==" Office of
~ 4 Science

U.5. DEPARTMENT OF B

Perturbative evolution

0 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

Prescribes Gap .
. 0 1 2 , , 3 4 5
Equation’s Kernel * (Gev)

IR-Enhancement at long-range agrees semi-quantitatively
with Bhagwat, et al.

AARGDNNE
NATHIMNAL LABORATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 21/42



| 7 Office of
~ 4 Science

U5 DEFARTMENT OF ENERGY

office ol

ARGONNE

. NATIONAL LABDRATORY

Dressed-quark Propagator

Schladming, Styria, Austria, 11-18 March, 2006 — p. 22/42



g eslerda 3 | read
the newspaper,

Dressed-quark Propagator

27 ; 5
iy p+ M () b e
Y S

GapEquation
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Dressed-quark Propagator

D

O
Y r

S

S(p> — Z’}/ D+ M(p2) 9-09-:;

® dressed-guark propagator |
Gap Equation
1

i - p A(p?) + B(p?)

S(p) =

PP ==" Office of
~ 4 Science
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§- eslerda Y | read
the newspaper.,

Dressed-quark Propagator

2 ; s
S(p> T Z’}/ p_|_ M(pg) = )>-:; .
l S r

® dressed-guark propagator |
Gap Equation
1

i - p A(p?) + B(p?)

S(p) =

PP =" Office of . .
Lo Scienced \Neak Coupling Expansion

Reproduces Every Diagram in Perturbation Theory

A NATIONAL LABDRATORY
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|k Sdtked
He {ffe out

of me

Dressed-quark Propagator

_ s
vy - p+ M(p?) =3

S

GapEquation
1

i - p A(p?) + B(p?)

® dressed-guark propagator

PP==" Office of

- science @ But in Perturbation Theory

e ottuclear p2
m—0
[‘*P/orfngfvmearmm-Quarus\“"@ﬁ B (p 2) (1 - ln [ ] + te .> — O

AARGDNNE
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Dressed-quark Propagator

L Z(pz) > D
TP = o+ M) = b o
l S

GapEquation

# Enhancement of Gap Equatlon s Kernel on IR domaln

2 [ ]
= IR Enhancement of M (p ) o S |
Office of 10° :_7::,::: : ————————— T~ .
Scrence i e
%\
o 100 |
<3 . ——— b-quark
s . —-—- c—quark
2 | s—quark
10 [ u,d—-quark
i o chiral limit
: M’(p%) = p°
10° |
10 10 10 10 10

2 2.
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|k SuUcged
f’g'e. J'Fﬂ‘ ﬂ“r

of me

Dressed-quark Propagator

_ Z(pz) > D
S(p> — Z’}/ D+ M(pg) 9-09-:; o
l S

GapEquation

# Enhancement of Gap Equatlon s Kernel on IR domaln

= IR Enhancement of M(p2) s eIl |
Office of 10° :_7::,::: : ————————— TT— 7
Scrence i B TTe— ]
" o Euclidean Constituent-Quark _
C 2 212 8 10* |
Mass: . p° = M (p?) 20
s . —-—- c—quark
2 | - k
10 i 3,dq—u(;:ark
i o chiral limit
o M(p’) = p°
10 r
10 10 10 10 10

2 2.
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Dressed-quark Propagator

GapEquation

# Enhancement of Gap Equatlon s Kernel on IR domaln

— IR Enhancement of M(p2) o Rl |
P =S Office of 100 LT e
,_J Scrence § e T T ]
awien @ EUClIdean Constituent—Quark
C2 212 810" |
Mass: . p° = M (p?) =
" s . —-—- c—quark
ihayour u/d S c b tao? | e
_ ME 2 i o ct12ira2I Iimit2
M im20 Gev ~ 10 ~ 10 1.4 1.1 — 1.0_3 _ M*(p) =p
AARGDNNE —2.2 | —1.2 107 10 10 10 10

2 2.
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A feeling of gloom
.bﬁit”mu &mn' gum.?;

Vacuum quark condensate

3 Trace of the Chiral-limit dressed-quark propagator
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A feeling of loomsy
bitferness &nﬂ' gul'-'rii'lg
mﬁ“‘l me te phe Floor,

Vacuum quark condensate

— \0 .
B <qq>c‘<:19 GeV

A
Z.C.A) N, / trpinae [Sico(q)] = (0.275 GeV)?
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AARGDNNE
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A {‘:'E:II.H. of ghnmg
bitferness au‘ Fulility
dragged me to phe fleor.

Vacuum quark condensate

_q>c‘<:19 GeV
Z Office of

A
.NC/ trDirac [Sm:()(Q)] = (0275 GGV)S
q
> _ﬁ] Screnc

seser.. ® Mass renormalisation constant
Ensures finiteness and correct renormalisation group flow

m() (gq); = const.

A NATIONAL LABDRATORY
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A {‘:'E:II.H. of ghnmg
bitferness au‘ Fulility
dragged me to phe fleor.

Vacuum quark condensate

_q>c‘<:19 GeV
Z Office of

A
.NC/ trDirac [Sm:()(Q)] = (0275 GGV)S
q
> _ﬁ] Screnc

seser.. ® Mass renormalisation constant
Ensures finiteness and correct renormalisation group flow

m() (gq); = const.
AND ensures Gauge Invariance

A NATIONAL LABDRATORY
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TRe dog came
and ';'E;gsih fo fick
My face

Vacuum quark condensate

Numerical Value
7w and K observables

— \0 o
—{00)¢] 19 ey =

/// \\\

A / \
Z4(C, A) Nc/ tTDirac [Sim=0(q)] :( (0.275 GeV)3)
q \ ,

\ /

PP ==" Office of
~ 4 Science

U5 DEFARTMENT OF

A NATIONAL LABDRATORY

- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 23/42



TRe dog came
My face

Vacuum quark condensate

Numerical Value
7w and K observables

—_— T ey

- ~
7 N

/ \

— \0 o
—{00)¢] 19 ey =

A / \
ZiCA) Ne [ tronc Samola)] =1 (0275 GeV)?,
q \ ,

\ /

N o 7
Z@ Of:::g::co; N
’;,:ms ; Corresponds ((0)

(302, oy = (I [1/Aqep])™ (30)° = (0.241 GeV)

A NATIONAL LABDRATORY
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TRe dog came
and Ef_ﬂﬂh _]‘"g “f.k
My face

Vacuum quark condensate

- v
......
= L
¥
% Py

Numerical Value
7w and K observables

-— —

~ ~

— \0 o
—{00)¢] 19 ey =

Ve N
/ \

A / \
Z4(C,N) N / trpirac [ Sm=0(q)] :( (0.275 GeV)3)
q \ ,

\ /

N o 7
Z@ Of:::g'emo: N
’,,.:wsw Corresponds {o

(302, oy = (I [1/Aqep])™ (30)° = (0.241 GeV)

Cy

Close packed spheres: 1.8 fm—3
A‘"‘,:B?O'&"“!.E = ‘/(qq> = 0.55fm"” = T(qq) = 0.51fm = 0.77r, = 0.58 Tp
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Vacuum quark condensate

QCD’s Mass Gap

Sea
<===0of Virtual Particle-Antiparticle Pairs

. NATIONAL LABDRATORY
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cf. Quenched lattice simulations

ontemporary Supercomputer Resources
1 Teraflop Sustained
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Atfer abbul five
mihuteS of licking,
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refurn ko my body ;

cf. Quenched lattice simulations

Z(p)

I I I I I I I I I I I I 1'0 I I I I | I I I I | I I I I | I I d;ﬁ I

B o o8 B <BR i
- R Rk oip possrs 00-0%00° & i
_ ] #n® -
~ 0.8 [P _
n )}”
B L -7~ i
=N

0.3\ 0.6 _

N N wo 3 ::
W= Offic s A8 ac o e PR b sis -
3 2 ~ol By NMMA RABAL: o Aol nBpg
.%;;fﬁhsfg oo v v | j"‘PfE€M$3%ﬂh;Lﬂﬁuﬁtiiﬁﬁ1¢14_; oo o v v 1wy by
3.0 4.0 0.0 10 2.0 3.0 4.0

of Niieléar j 0.0 1.0 2.0

p (GeV) 1‘4((]9) p (GeV)

o<

® Lattice Meas.

— Bowman, Heller, Leinweber, Williams: he-lat/0209129

@ NATHINAL LABORATORY
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Atfer avouf Five
mihutes of [icking,
hope starfed to

tetura to my body ;

cf. Quenched lattice simulations

Z(p)

I I I I I I I I I I I I 1'0 I I I I | I I I I | I I I I | I I d;ﬁ I

B o o8 B <BR i
- R Rk oip possrs 00-0%00° & i
_ 8 @,@5! -
~ 0.8 [P _
n )}”
B L -7~ i
=N

0.3\ 0.6- _

N N wo 3 ::
=" Offic s AL as s, RGNS P besig .
£ = ~o By AR & A = o 854800 0 @005
.%;;fﬂ&sfﬁ oo v v | j"‘PfE€M$iﬁﬂh;Lﬂﬁuﬁtiiﬁﬁ1¢14_; oo o v o by by oy
3.0 4.0 0.0 1.0 3.0 4.0

of Niieléar j 0.0 1.0 2.0

p (GeV) M ( p) p (ZG%V)

o<

®» DSE Cal.— Bhagwat, Pichowsky, CDR, Tandy nu-th/0304003

. NATIONAL LABDRATORY
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. hot mach but n:nuugﬂ
Fﬂ‘ me fo be able to

$e 1 " good dog cf. Quenched lattice simulations

M (p) Z(p)

0.5 T T 1 LI B B LI B B | I B — 1.0 1t 1.1t [ 1t 1.1 1.1 1t T T T 1 T T T 1T
: oot 908780 o8 ol DARD BB — —
= - e FW_MM Lol ]

045 T . _
- ’)}/’

: - |
i3 0.6 ]

\ g §o—08080 08 A 28 o o o8 20 o o
%

Offic
.g < Scu

i AR B i oo v v | o= T = Eﬂl‘#ibﬂw oo~ v v by by 1y ':" ]
» of Nuclear 0.0 1.0 2.0 4.0 0.0 1.0 2.0 3.0 4.0
ofice p (GeV) M ( p) p (GeV)

®» DSE Cal.— Bhagwat, Pichowsky, CDR, Tandy nu-th/0304003
f2=0.068GeV (7¢)}qey = (—0.19GeV)?
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- hol much, but thqué_lrl
for me fo be dble to
‘_;[nwlld. sif up ﬂ-h..-dL

5“‘? ) {rgﬁﬂJ D{ﬂg

cf. Quenched lattice simulations

IFANLIRVAVAN' A

o
W
7
-~

N
N "
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S

A NATIOMNAL LABORATORY

~o H#,g;- AL
U.5. DEPARTMENT OF Ei 0-0 1 1 1 1 | 1 \I~ T = E Eﬂﬁ_‘"a%m
o of Nuclear 00 1.0 20
o¥e p (GeV)

RITTS T LAY Y PWITEN

3.0 4.0

Z(p)

1.0

88 T
0.8- -

0.6

I I I I | I I I I | I I I I
BB - —
pp ot DADD
oot 908780

p0%0 o8 & 08 oo om om mn

Lri

0.0 1.0

M (p)

2.0
p (GeV)

#® ab initio support for DSE conjecture
Mass from Nothing is a Reality!

3.0

4.0
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- hol much, bt I'.’hﬂltérl
For me fo be able Fo
;[nwl% s5tF up M-ﬂf

84 1 " goed dog cf. Quenched lattice simulations
' «-’”tj:
M (p) Z(p)
05— W77
0.43 0.8__ ot g2t ) _
0.33 0.6_—‘? —
0.23 04k |
0.13 0.2\\ _
PP ==" Offic C B Ao ao—gopooba 88 08 oy o B 2y p
-C??%jcu’ 085 '1.0 p(zG%V) 2.0 0'%.(}\'4 ( )'1|.o' — '(2(;0\'/)' — 3020
0 ‘ p p (e

=" & ab initio support for DSE conjecture
Mass from Nothing is a Reality!

yN— More than 98% of Spectrum/Constituent-Quark’s Mass
--Wf strongly-interacting virtua| quanta ..~
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Pion Form Factor

#® Solve Gap Equation
— Dressed-Quark Propagator, S(p)
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Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, I'
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Pion Form Factor

#® Use that to Complete Bethe Salpeter Kernel, i

#® Solve Homogeneous Bethe-Salpeter Equation for Pion
Bethe-Salpeter Amplitude, I'

Office of
Science
MENT OF ENE. Y

# Solve Inhomogeneous Bethe-Salpeter Equation for
Dressed-Quark-Gluon Vertex, I',,
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Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

I (k; P

Fu(lﬁp)

PP ==" Office of
/_J Scrence °
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Pion Form Factor

# Now have all elements for Impulse Approximation to
Electromagnetic Pion Form factor

PP ==" Office of
~ 4 Science

U.5. DEPARTMENT OF B

# Evaluate this final,
three-dimensional integral

AARGDNNE
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Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied

Nl—l
3
S, .
N/‘\
e
T i + Amendolia
o 0°f o Brauel, re-analyzed ]
i e Volmer
PP =" Office of 0.1l — DSE calculation N
> Science T .—.- VMD p monopole, mp:770 MeV| 1
..... T T O S T T O SO SRR SR NN SO SO SR S W
00 1 2 3 4
Q" [Gev]
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Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied
Data published in 2004, T —

+ Amendolia

o Brauel, re-analyzed
e Volmer

— DSE calculation
.—.- VMD p monopole, mp:770 MeV| 1

Q°F Q) [Gev7]
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Many subsequent

successful applications

DN

FFFFFFFFFFFFFFFF

office of Nuclear py, i

= Notably 7 7 Scattering

D ~ArsonNNE Bicudo,
st | Tooens | CBanc— | conctusion |

gain, parameters Fixed

Maris, et al., Phys.

Calculated Pion Form Factor

Calculation published in 1999; No Parameters Varied

Data published in 2001 [~ "7 7T T T LI LS
oab /7/{/ _
> I/','E/
©. o03f /jf@/ ]
N@ b
T +  Amendolia
o 020 o Brauel, re-analyzed ]

e Volmer
0.1l — DSE calculation b
T .—.- VMD p monopole, m =770 MeV
o —— e — i~
Q" [Gev]
Rev. D 65, 076008
Phys. Rev. C 67, 035201
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Maris & Tandy
Relative Error

12 3245 67 8 91011121314 1516 17 1819 20 21 22 23 24 25 26 27 28 29 30 M1

0.4 - T

r';: =" Office of

~d Science

U5 DEFARTMENT OF ENERGY

04 b e e e e e e e e e e
12 345 67 8 9101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Relative Error, Predictions of Maris and Tandy Model
All tabulated quantities in nu-th/0301049

<error> = 1.6%, Sqrt[<error*>]=15%
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Two-photon Couplings of
Holl, Krassnigg, Matris, et al.,
“Electromagnetic properties of ground and PseUdoscaIar MeSOnS

excited state pseudoscalar mesons,’ v (k2)
nu-th/0503043

v(k1)
0 (028 ©
o T,_“;" (kla k2) — _Zeuupaklpk2o‘ G n(kla k2)
Z-_Algg::ggco: " 2 2 0
Lok 0w WA ne- — ™
oo e Define: Too (P?, Q%) = G (ky, k2) RIm g

This is a transition form factor.
# Physical Processes described by couplings:

e 2
Irnd~~y +— T‘Tl'g (_mﬂ-ga O)
m3
AARGONNE  Width: Tro.y = a2 — ™2 g2
NATHOMNAL LABORATORY . 7rn")/"y - em 16,”3 gwnﬂyﬂy
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Holl, Krassnigg, Matris, et al.,

“Electromagnetic properties of ground and
excited state pseudoscalar mesons,” »y( kz)
nu-th/0503043

Two-photon Couplings:
Goldstone Mode

v (k1)

(028 -
o T“O(kl,k2)_ zs,,,,,paklpk%(; o (1, k2)

Office of
.g < Sc:ence
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offce ¢ of Nuclear py, .

Chiral limit, model-independent and algebraic result

1 1
G0y 1= Trg (=m0 = 0,0)= 2
o
So long as truncation preserves chiral symmetry and the

pattern of its dynamical breakdown

A ~rsc® EThe most widely known consequence of the Abelian anomaly
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Two-photon Couplings:
Holl, Krassnigg, Matris, et al., .-
“Electromagnetic properties of ground andTranSItlon Form Factor

excited state pseudoscalar mesons,” v(k2), k
nu-th/0503043

v(k1), k3 = Q?

o (028 0
Z' Office of Ly
~ 4 Science . .
s So long as truncation preserves chiral symmetry and the
pattern of its dynamical breakdown, and the one-loop
renormalisation group properties of QCD: model-independent

result — Vn: )
Q> >N 47“ fr
ngb (PZ, Qz) _ ng (K1, k2) ~Qcp Jrn
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® Chiral limit with DCSB: fr, # 0
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® Chiral limit with DCSB: f,, # 0

® BUT, f.. =0, Vn!
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“Electromagnetic properties of ground and Chlral Ilmlt
excited state pseudoscalar mesons,’

nu-th/0503043

® Chiral limit with DCSB: fr, # 0

® BUT, f.. =0, Vn!

® Model-independent result, in chiral limit: Vn > 1
lim 7o (—m , Q%)

m—0
2 2
Q*>Ajcp 472 F@ (_m? In” Q% /w?
_ T 3 n TTh Q4
where: =0
Office of # -~ Is an anomalous dimension
-C_AJ Sc:ence
® w, IS awidth mass-scale

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.
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® Chiral limit with DCSB: fr, # 0

® BUT, f.. =0, Vn!

® Model-independent result, in chiral limit: Vn > 1
lim 7o (—m2 , Q%)

m—0
Q*>Ajcp 472 F@ (_m? In” Q% /w?
. B g mo\ Q*
where: Mm=0
== office of # -~ Is an anomalous dimension
.Q_AJ Science

U5 DEFARTMENT OF

® w, IS awidth mass-scale

office of Nuclear py, i
€

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.

® Importantly, F{*) (—m2 ) ¢ fr . Instead, it is determined by
L\ ARSONNE DCSB mass-scales for m,, that do not vanish in the chiral limit.
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= | T — T T T T
B \>\<\ —— n =0 (ground state) h
St \\ —— n =1 (radial excitation)|
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excited state pseudoscalar mesons,”
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T \>\|< | — T | T
5L N —— n =0 (ground state) R
- \\ —— n =1 (radial excitation)| A
- \ x 1/(2 fno)
4k \ -
i \
r— \
i B AN
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O] - AN
ed : \\\
o °F TS~ ]
O i \\\\
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- I E
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ULE. DEPARTMENT OF ENERGY | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
e P, ®» m, (1 GeV) -0.2 0 0.2 0.4 0.6 0.8

— my(1 GeV) = 5.5 MeV Q" [cev]

Tﬂ-g’(_mila Q2) <0, Q7 > _m721-1/4;
viz., it IS negative on the entire kinematically accessible domain.

THOMAL LABORATORY
- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 32/42



excited state pseudoscalar mesons,”
nu-th/0503043

Calculated Transition Form Factor:
Holl, Krassnigg, Matris, et al., .
“Electromagnetic properties of ground and RG I Ral nbOW'Ladder

TT%(QZ) [Gev]
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—— n =0 (ground state)
—— n =1 (radial excitation)

X 1/(2fn0)

~ ~
~
- -
-~
-
-
=
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office of Nuclear py, i, ’ m’u, ( ]- G eV ) -0.2 0

= mgy(1 GeV) = 5.5 MeV
o Tﬂ-g’(_milaQ2) <0, Q2 > _mi1/4;

L ArRSoNNE ® o, =79eV, o, =240eV
S 0
st | Tooens | CBanc— | conctusion |

I 0.2 I 0.4 0.6 0.8
Q° [GeV]

viz., it IS negative on the entire kinematically accessible domain.
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&,
10° E—Q@@ 6--on=0 =
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S ¢ — artt [ (3Q%)] °
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“Electromagnetic properties of ground and RG I Ral nbOW_Ladder

excited state pseudoscalar mesons,”
nu-th/0503043

_||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I
&,
10° E—Q@@ 6--on=0 =
5 %60, c-on=1 5
S — 41t [ (3Q%)] 1
107 O -
il g
> n
w =
O, 107F
= |
C 10°F
tC
=
10°F
PP ==" Office of 5|
gﬁ Science 10° 3

u.a,::dnrmsnrosmi ’ ’ mu (1 GeV)
= mg(1 GeV) = 5.5 MeV

Predicted UV-behaviour is abundantly clear
® precise for Q% > 120 GeV?
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1 booo &= up/down quarks
10°F 2 2 3
E OOOO —-4nfnl/(3Q) :
Ll Q@ O-O chiral limit .
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“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’
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1 ’:Oooo & -0 up/down quarks
10°F O‘QOO —- a4t [ (3Q7) 3
f % 0-0 chiral limit .
— 10 F 30% — (4113) (0.22 Gev)*  Q*| =
7 g Q ]
> i
o -3
O 10°F
(:O', 10 -
e X
= 10%F
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10°F
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Again, Predicted UV-behaviour*

IS abundantly clear
» precise for Q% > 120 GeV?
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Transition Form Factor (  Chiral ):
Holl, Krassnigg, Matris, et al., RGI RainbOW-Ladder

“Electromagnetic properties of ground and
excited state pseudoscalar mesons,’
nu-th/0503043

1 booo &= up/down quarks
10°¢ O‘QOO —- artt, [ (3Q) E
LE % 0-O chiral limit :
— 10°F 30% — (41t 13) (0.22 Gev)* [ Q*| 3
< Q ]
> 5
oS -3
O 10°F
—~
‘o 0
N N
£ -
= 10’55—
® m,(1GeV) |

10°F
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s @ Again, Predicted UV-behaviour*
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» precise for Q% > 120 GeV?
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® m,q(1GeV) = 5.5MeV

0.75

0.60

0.65F

Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al.,

Rainbow-Ladder
| ol rI\=I0(g;r01IJndl str;lte)I T
¢ n =1 (radial excitation)

: -—-- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0.3 0.32 0.34 0.36 0.38 0.4
w [GeV]
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Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al., .
nU-th/0503043 Rainbow-Ladder

0.80 T T T T T T T T T T T T

T
o n=0(ground state) |

9o mu,d(]- GeV) — 5.5 MeV [| ¢ n=1(radial excitation)

| |--- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

® Reminder: 07

MT-model has one

E 0.70 ! ]
IR-mass-scale — w =20
0.65F —
gauges the range
of strong attraction )
0.60 T N R SR S B
0.3 0.32 0.34 0.36 0.38 0.4
Z' Office of w [GeV]
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Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al., i
nU-th/0503043 Rainbow-Ladder

0.80 T T T T T T T T T T T T

|
[ | o n=0(ground state) |
9o (1479 d(]- GeV) — 5.5 MeV [| ¢ n=1(adial excitation)

’ | |--- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

® Reminder: 0751

MT-model has one

E 0 70_ 7
IR-mass-scale — w =20
0.65F —
gauges the range
of strong attraction )
0.60 —
® Goldstone Mode’s 03 032 o34 o3 om0z
Z' Office of . _ o w [GeV]
pe=d Sclence properties are insensitive to r,

office of Nuclear py, i

» Expected cf. T' # 0, Goldstone mode’s properties do not
change until very near chiral symmetry restoration
temperature.

. NATHOMNAL LA

L AT ORY
- - - - Schladming, Styria, Austria, 11-18 March, 2006 — p. 35/42


http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6156436

Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al., .
uth/0503043 Rainbow-Ladder

080T 71 71 T T T " T T T T T
[ | o n=0(ground state)

9o mu,d(]- GeV) — 5.5 MeV [| ¢ n=1(radial excitation)

| |--- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

® Reminder: 07

MT-model has one

E 0 70_ 7
IR-mass-scale — w =20
0.65F —
gauges the range
of strong attraction )
0.60 —
® 1st excited state: 03 o5z o o3 o0 o4
Z' Office of w [GeV]
bz Sclence orthogonal to Goldstone mode

office of Nuclear py, i

# Not protected ... properties very sensitive to rq
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Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al., i
nU-th/0503043 Rainbow-Ladder

0.80 T T T T T T T T T T T T

T
o n=0(ground state) |

9o mu,d(]- GeV) — 5.5 MeV [| ¢ n=1(radial excitation)

| |--- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

® Reminder: 07

MT-model has one

IR-mass-scale — w Eﬁ o701 i
gauges therange  °f )
of strong attraction )

® Bestestimate r,, = 1.4 782)013 — s o84 0%  osm o!Aj

w [GeV]

Z_AJ gff{ce of _ _ _ . .
o i ® Butr., < r., Ispossibleif confinement force is very strong
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Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al., i
uth/0503043 Rainbow-Ladder

080T 71 71 T T T " T T T T T
[ | o n=0(ground state)

9o mu,d(]- GeV) — 5.5 MeV [| ¢ n=1(radial excitation)

| |--- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

® Reminder: 07

MT-model has one

IR-mass-scale — w Eﬁ oor ]
gauges the range [ ;
of strong attraction )

— S ® Radial excitations are - 03 0@ 'o.'e,i) | [ée'v(i).lses' —os 04
%;fﬂ,ifff:::e plainly useful to map out

office of Nuclear py, i

the long-range part of interaction between light-quarks.
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Electromagnetic Charge Radii — RGI
Rainbow-Ladder

Holl, Krassnigg, Matris, et al.,
nu-th/0503043

0.80

Moy, d(1 GeV) = 5.5 MeV

Reminder: i
MT-model has one = |
IR-mass-scale — w = 01
® 1ry:=1/w
0.65F
gauges the range
of strong attraction )
0.60

Radial excitations are
plainly useful to map out

the long-range part of interaction between light-quarks.

I 1 1 1 I 1 1 1 I
[ | o n=0(ground state)
¢ n =1 (radial excitation)

: -—-- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

1 1 1 I 1 1 1 I 1
0.3 0.32 0.34

1 I 1
0.36

w [GeV]

1 I 1
0.38

Same is true of orbital excitations; e.g., axial-vector mesons.
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Electromagnetic Charge Radii — RGI

Holl, Krassnigg, Matris, et al.,
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0.80

Moy, d(1 GeV) = 5.5 MeV

Reminder: i

MT-model has one = |

IR-mass-scale — w = 01
® 1ry:=1/w )

gauges the range [

of strong attraction )

0.60

Radial excitations are
plainly useful to map out

the long-range part of interaction between light-quarks.

Rainbow-Ladder

I 1 1 1 I 1 1 1 I
[ | o n=0(ground state)
¢ n =1 (radial excitation)

: -—-- linear fit: 0.61 + 0.11 w
— linear fit: 0.09 + 1.76 w

1 1 1 I 1 1 1 I 1
0.3 0.32 0.34

1 I 1
0.36

w [GeV]

1 I 1
0.38

Same is true of orbital excitations; e.g., axial-vector mesons.
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Overview

Two-point functions very well understood

Work required on three-point functions but qualitative picture
emerging

Existence of nonperturbative, symmetry preserving truncation
enables proof of exact results in QCD

Extant renormalisation-group-improved models
» |lllustrate exact results
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Overview

Two-point functions very well understood

Work required on three-point functions but qualitative picture
emerging

Existence of nonperturbative, symmetry preserving truncation
enables proof of exact results in QCD

Extant renormalisation-group-improved models
» |lllustrate exact results

— # Enable experiment-theory connection
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# Beginning to map out long-range part of interaction between
light-quarks

® More needed but, nevertheless, great progress with mesons
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Overview

Two-point functions very well understood

Work required on three-point functions but qualitative picture
emerging

Existence of nonperturbative, symmetry preserving truncation
enables proof of exact results in QCD

Extant renormalisation-group-improved models

» |lllustrate exact results

# Enable experiment-theory connection

# Beginning to map out long-range part of interaction between
light-quarks

More needed but, nevertheless, great progress with mesons

What about Baryons?
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Current-quark mass-dependence of
Bhagwat, HGll, Krassnigg, et al., “Aspects and meson masses

consequences of a dressed-quark-gluon vertex,”
nu-th/0403012
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Current-quark mass-dependence of
Bhagwat, HGll, Krassnigg, et al., “Aspects and ” meson masses

consequences of a dressed-quark-gluon vertex
nu-th/0403012

My,q = 0.01 mgz=0.166 m. = 1.33 myp = 4.62
my, — 0.77 meg — 1.02 Mg/ = 3.10 myas) = 9.46
my =014 m, =063  m, =297 My, = 9.42

#® Fit current-quark masses to
vector meson spectrum
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Current-quark mass-dependence of
Bhagwat, HGll, Krassnigg, et al., “Aspects and ” meson masses

consequences of a dressed-quark-gluon vertex
nu-th/0403012

My,q = 0.01 mgz=0.166 m. = 1.33 myp = 4.62
mp = 0.77 m¢ = 1.02 mJ/¢ = 3.10 mT(ls) = 9.46
my =0.14  m,- =0.63 My, = 2.97 My, = 9.42

#® Fit current-quark masses to
vector meson spectrum

# Predictions m,, = 2.97 and m,, = 9.42
04 Seience cf. m&P* = 2.98 and mSP* = 9.30 + 0.03

expt.
b

s Calc.: 40 MeV
s Expt.: 160 MeV, which is > Expt. m /., — my* *pt.
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NB. mT(lg) — m
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Current-quark mass-dependence of
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consequences of a dressed-quark-gluon vertex,”
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